. The site on gp120 geometry mandated by small, weakly diffracting crystals, and choice of strategies for phase improvement, for mAb 17b includes residues that determine the corestarting with two isomorphous derivatives and includceptor interaction, and the antibody footprint is thought ing multicrystal averaging. We validated the structure to mark the coreceptor site (Rizzuto et al., 1998). Thus, by analyzing composite omit maps, averaged among the structure probably represents the released form of three distinct crystal lattices, and by calculating modelgp120. The gp120 core folds into two closely associbased, SeMet anomalous difference maps. There are at ated domains, termed "inner" and "outer" ( the lack of noncrystallographic symmetry posed considerable challenges for the structure determination. We describe here solutions to some of the experimental 
Figure 1. SIV Envelope Glycoproteins and Production of SIV gp120 Core Protein
(A) Schematic representations of SIV envelope glycoproteins: gp160, the full-length precursor; gp140, the uncleaved ectodomain of gp160; gp120, the surface subunit; and gp120 core, the truncated protein used for crystallographic studies. Glycans are represented by tree-like symbols. Various segments of gp120 and gp41 are designated as follows: C1-C5, conserved regions 1-5; V1-V5, variable regions 1-5; F, fusion peptide; HR1, heptad repeats 1; HR2, heptad repeats 2; TM, transmembrane segment. (B) SIV gp120 core protein was purified by mAb 17A11 affinity chromatography from supernatants of insect cell culture, and then resolved by gel-filtration chromatography using a Superdex 200 column. Molecular weights were calculated based on a standard curve plotted using known proteins. Peak fractions were pooled and analyzed by SDS-PAGE (inset).
termining the structure of this heavily glycosylated proand 22 residues from the N-and C-termini of SIV tein may be useful for work on other crystallographic gp120, respectively, following work on the HIV-1 gp120 problems with limited resolution and poor initial phase core (Kwong et al., 1999; Wyatt et al., 1993) , and we information. Recording data adequate for structure have substituted short linkers (GAG) for the V1-V2 and analysis required optimal conditions at a synchrotron V3 loops ( Figure 1A ). Two extra residues (His-Met) were source. Initial experimental phases were gradually imintroduced by the restriction site (Nde I) at the N termiproved by iterative phase combination, data sharpennus. We designate this protein, which still retains 13 ing, density modification, multicrystal averaging, and glycosylation sites, the SIV gp120 core protein. It was model building. Most of the thirteen oligosaccharides produced in insect cells using a baculovirus expression have at least four well-ordered sugars. They cluster into system and purified from cell supernatants by immunetworks, in some cases extending to decorate the noaffinity chromatography using monoclonal antibody protein surface of crystallographically related mole-17A11 (Edinger et al., 2000), followed by gel filtration. cules.
SIV gp120 core protein elutes from a Superdex 200 column as a sharp peak, which corresponds to a 60 kDa globular protein ( Figure 1B ). Analysis by SDS-PAGE Results showed that it migrates as a single, somewhat diffuse protein band, also with an apparent molecular mass of Expression and Purification of SIV gp120 Core 60 kDa. The calculated mass of the polypeptide chain Protein from Insect Cells is about 39 kDa. The larger apparent size of the protein The surface flexibility of HIV/SIV envelope glycoprois due to heavy glycosylation, as indicated by the reteins, due both to heavy glycosylation and surface-exduced size of the protein when treated with PNGase F, posed variable loops (V1-V5; Figure 1A ), has been a Endo F, or Endo H (data not shown). principal obstacle to crystallographic studies (Kwong We also prepared selenomethionine-substituted SIV et al., 1999). To produce an SIV gp120 protein suitable for X-ray crystallographic analysis, we have deleted 43 gp120 core protein in order to obtain additional experi-mental phase information, following the protocol de-3.8 Å (Figure 3 ). We found 15% sucrose to be the best cryoprotectant. Dehydration by gradually increasing scribed in Experimental Procedures.
the PEG concentration did not improve the order, nor did annealing in the cryostream. A small beamstop Crystallization of the Fully Glycosylated SIV gp120
(about 1 mm diameter) placed very close the crystal Core Protein (about 1 cm) and a large crystal-to-detector distance Initial attempts to crystallize SIV gp120 core protein (400 mm) were both essential for reducing background were carried out using simple grid screens (concentrasufficiently to detect reflections beyond 4.5 Å. One of tion of precipitants versus pH) with polyethylene glycol our best crystals gave weak diffraction with few over-4000 or ammonium sulfate as precipitants. Some first loads even after 3 min of exposure at CHESS F1 (Figure hints of crystals appeared in hanging drops in which 3A), but the high-resolution reflections gradually faded the protein had been mixed, at 1:1 ratio, with a mother into diffuse scattering in the water ring, suggesting that liquor containing 15% polyethylene glycol 4000 and the crystals may be ordered to beyond 3.8 Å. Use of 100 mM sodium citrate, (pH 5). Fine-tuning of the cryssmaller nylon loops for freezing, to reduce the amount tallization conditions produced roundish crystals (Fig- of solvent surrounding the crystal, did not decrease the ure 2A), which grew to about 150 microns in the largest water-ring intensity sufficiently to allow us to push the dimension in 2-3 weeks, but which yielded only a few resolution beyond it. Our best data set for native crysreflections at very low (15 Å) resolution. We used additals (for which we chose a 4.0 Å resolution cutoff based tive screens (Hampton Research) to identify polyethylon a S/N ratio of 1.3, Bc44n in Table 1 ) was collected ene glycol (PEG) 400 as useful, and we subsequently at CHESS F1. Data collected at APS 19ID were compaobtained tetragonal crystals by including 8% PEG 400 rable to those from CHESS, despite the much brighter in the crystallization solution ( Figure 2B ). These crystals beam, because it was not possible to take further steps gave measurable diffraction to 4.0 Å at a synchrotron to reduce the relative strength of the water ring. The source (see below). Analysis of washed crystals by programs Denzo and Scalepack were used for integ-SDS-PAGE confirmed that they contained SIV gp120 rating and scaling the data (Otwinowski and Minor, core protein with no apparent degradation during the 1997). The crystals belong to space group P4 3 2 1 2 (a = crystallization process ( Figure 2E, lane 9) . b = 108.1 Å, c = 117.7 Å), with one molecule per crystalFurther attempts to improve crystalline order inlographic asymmetric unit and 60% solvent content. cluded varying the size of the polyethylene glycol precipitant (PEG 6000 gave slightly larger crystals than smaller or larger PEGs), the buffer, and other parameInitial Phase Determination and Phase Improvement ters. When 100 mM sodium acetate, (pH 5), was used Attempts to determine the structure by molecular reinstead of sodium citrate, elongated crystals appeared placement using various search models derived from ( Figure 2C ), but these apparently trigonal crystals gave the HIV gp120 core structure were unsuccessful. We diffraction to spacings no better than 15 Å, even at the screened (at CHESS F1) hundreds of crystals soaked brightest synchrotron beamlines. Deglycosylation with with over 60 heavy atom compounds for isomorphous PNGase F or Endo F prevented crystallization under all heavy-atom derivatives. Crystals soaked with either conditions examined. Use of Endo H, which yields only K 2 IrCl 6 (Ibc1 and Sbc10L in Table1; Cbc4 in Figure 3B ) partial deglycosylation, produced gp120 core protein or trimethyl lead acetate (TMLA) (Ibc44 in Table1) were that crystallized from 2 M ammonium sulfate, (pH 6) isomorphous to unsoaked crystals and produced data ( Figure 2D ), but the crystals diffracted only to spacings sets from which heavy atom binding sites could be deof about 10 Å even when using crystals that grew to termined. One Ir site could be identified independently 100 microns in the longest dimension. In the case of from isomorphous differences and anomalous differ-HIV gp120 core protein, deglycosylation was essential ences (the wavelength at CHESS F1 was 0.916 Å, nearly for obtaining satisfactory crystals (Kwong et al., 1999) , optimal for single-wavelength anomalous dispersion but this observation is evidently not a general rule. We from the L I edge of Ir), using the program SOLVE (Terwilalso attempted to crystallize a number of complexes liger and Berendzen, 1999 Figure 2B ) have yielded the best diffraction data. We could detect no diffraction from these crystals significantly (a = b = 110.9 Å and c = 111.9 Å); data collected from these crystals were quite useful for using a laboratory X-ray source, however, and long exposure times were required at synchrotron sources. All multicrystal averaging at a later stage (Hbc2/3 in Table  1 ; see below). We also obtained small SeMet-substidiffraction data were collected at CHESS beamline F1 and APS beamline 19ID. Optimization of crystal freeztuted crystals (about 70 microns in the largest dimension). The best data set (to about 4.7 Å resolution; Sb38 ing conditions and beamline setup at the synchrotron allowed us to observe reflections to spacings of about in Table 1 ) for SeMet crystals at the peak wavelength features branching out from the polypeptide-chain densharply with increasing resolution ( Figure 4B ), and side chain density was apparent only after data were sharpsity at several glycosylation sites provided further evidence for our initial fit. ened by applying a B factor of -200 to the amplitudes. Sequence registration was determined by alignment with the HIV model, selenium sites, and glycosylation Model Building and Refinement Even from the electron density map calculated with exsites. We used iterative cycles of phase combination (partial model phases and experimental phases), denperimental phases, we could see that the inner domain of unliganded SIV gp120 differs greatly from that of CD4 sity modification, data sharpening, model building, and limited model refinement to improve and extend the inibound HIV gp120. We therefore focused our initial efforts on building the outer domain as accurately as tial model. After we had built about 70% of the structure, including some of the inner domain, the model possible, guided by the HIV model, in order to improve the phases. We took a polyalanine model of the portion was placed, by both rigid body refinement and molecular replacement, into the three crystal lattices available of the HIV outer domain that fit the density well and used it as a starting point. Experimental data fall off for multicrystal averaging: native (Bc44n), IrCl3-soaked 
/angles (°) rmsd
All data were collected at λ=0.916 Å at beamline CHESS F1, except data set SB38 which was collected at λ = 0.97935 Å at beamline APS 19ID. In this manner, we located most of the inner domain secondary-structure elements, including two α helices, were used, the Fo map showed discontinuous density for the long α helix in the inner domain ( Figure 5A in a β sheet, and four glycans, as well as the four strands of the bridging sheet, these last separated into two β-green). With the same set of phases after multicrystal averaging, the density for the α helix became more conribbons. Three potential selenium sites not in the outer domain had originally been identified from peaks in the tinuous and even showed some features for side chains, indicating useful phase improvement ( Figure 5A anomalous difference map. Two of these sites, separated by just 6 Å, belong to the adjacent residues Met in purple).
With many cycles of averaging, model rebuilding, and 255 and Met 256, in a one-turn α-helical configuration that connects inner and outer domains. Our current gradually expanding the averaging mask when necessary, additional features emerged. The V4 variable loop, model does not account for the third SeMet anomalous difference peak, which could be a result of time-depenprobably quite flexible in solution, makes crystal contacts with its counterpart from a symmetry-related dent radiation decay (Ravelli and McSweeney, 2000) or simply a consequence of poor isomorphous phases. molecule and appears ordered in the crystal. The den- Model-based phases later yielded anomalous differremained very similar. Harmonic restraints were also imposed for the protein main chain and side chains and ence peaks corresponding to the remaining two SeMet positions (see below). The V1-V2 stem (two of the for the glycans, varying the parameters so that outer mannoses were held less tightly than inner N-acetyl strands that form the bridging sheet) appeared disordered until an averaged map was calculated at lower glucosamines. During model building, we used CNS to improve model phases. After the model was complete, resolutions (5.0, 5.5, or 6.0 Å). When the contour level of these maps was set slightly lower than 1σ, density two rounds of rebuilding based on the updated averaged map were carried out without any refinement, in the most likely region for the V1-V2 stem became apparent. The density matched the V1-V2 stem from giving a model with R free close to 50%. Torsional simulated annealing and minimization refinement in CNS, the HIV gp120 core model; the stem is clearly quite rigid as a result of a disulfide bond at either end (Kwong et using native data from 12.0 to 4.0 Å without bulk solvent correction, brought the R free to 43%. al., 1998).
The low data-to-parameter ratio (the ratio of unique B-factor refinement in CNS failed, probably from algorithmic instability due to insufficient experimental X-ray reflections to the number of atoms in the model is less than 2) influenced efforts to refine the model. We data. (Note that B-factor refinement at 4.7 Å resolution for p97 could succeed, because of noncrystallographic carried out heavily restrained refinement calculations, using both CNS and Refmac 5 (Brunger et al., 1998; symmetry; DeLaBarre and Brunger, 2003). We therefore used TLS refinement as implemented in Refmac 5 to Murshudov, 1997). Main chain hydrogen-bond restraints and phi-, psi-restraints for helices were imderive a better temperature factor model. A single TLS group was defined for the whole model, but analysis posed in all CNS refinement runs, in order to prevent stereochemical distortion. As a result, R free and R cryst with up to six groups (five inner-domain "domainlets" Figure S3 , column A). The long helix, α1, the and the geometry was strongly restrained. Some details of the TLS analysis are provided in Table 1 . We further sheet (β5, β7, β25), and the short helix (α5) of the inner domain fit very well into the experimental density. The validated the TLS results by carrying out B-domain refinement in CNS and in Refmac 5, using each of the position of SeMet 251, in the β5-β7 loop, further anchors the sheet. One of the two bridging-sheet ribbons "domainlets" from the inner domain plus the outer domain as grouped structures (Supplemental Figure S1 (β20-β21) has somewhat broken density. Only the other bridging-sheet ribbon (β2-β3, the V1-V2 stem) is not available with this article online). The V1-V2 stem is substantially more mobile than the other structural elewell represented in the experimental map.
Omit Maps ments.
We calculated composite simulated-annealing omit maps using CNS. Figure 6 shows that all the secondModel Validation ary-structure elements in the inner domain are well deHeavy Atoms fined, further confirming our general interpretation. CerIsomorphous difference maps with model-based tain regions, mostly in loops, have weak density or phases accurately return the positions of irridium and breaks in the composite map. For example, density is lead atoms in the derivatives (Supplemental Table S1 ). discontinuous at the link in the inner domain between The TMLA sites are in hydrophobic pockets in the inner the N terminus and α1, each of which lies in strong domain. The principal IrCl 6 2− site (Ir1 in Supplemental density ( Figure 6F ). The N terminus is at a crystal con- Table S1) contains Met 65; helices α1 and α5 and the threeSelenium Positions strand sheet are clearly delineated by experimental We calculated an anomalous difference map with density; the loop between β5 and β7 contains Met 251; model-based phases, using only those anomalous difthe connection between β7 and the outer domain conferences for which both amplitudes exceeded 2σ (Suptains Met 265 and Met 266; and the two ribbons of the plemental Figure S2 ). Of the nine selenium sites (includbridging sheet appear convincingly in various omit ing SeMet 65, introduced by the cloning strategy), maps. One of these ribbons, the V1-V2 stem, obviously seven-SeMets 65 and 251 in the inner domain, SeMhas greater disorder than any of the other structural ets 265 and 266 in the connection between inner and elements. It also has the highest group thermal paramouter domains, and SeMets 308, 390, and 403 in the eter (Supplemental Figure S1 ). outer domain-have strong corresponding peaks (Supplemental Table S1 ). SeMets 356 and 481, opposite each other in the hydrophobic core of the outer domain, Ordered Glycans Figure 7 (A and B) summarizes the structures of N-linked have weaker peaks, but they are clearly seen in residual maps calculated during initial determination of Se locaoligosaccharides that are ordered in the SIV gp120 core structure. We could detect density for sugars at all 13 tions, and they refine with reasonable occupancies (Supplemental Table S1 ). Five of the nine SeMet sites, glycosylation sites, 7 of which were clearly (α1-6) fucosylated. Eight glycans are ordered at least as far as the including SeMet 65 and SeMet 251 that mark inner-domain elements, are included among the top twelve first branch site. For glycan 459, four residues of one branch were modeled as mannose with (α1-2) linkages, peaks. Two of the remaining three peaks, SeMets 265 and 266 (unambiguously identified in the initial anomabut the identity of the last three residues, which make contacts with a symmetry-related molecule, cannot be lous difference map, Supplemental Table S1 , and robustly refined in SHARP), may tend to cancel each determined at the current resolution. The long glycans form apparent sugar clusters on the surface of the other at the approximately 5 Å resolution cutoff of the difference map. Clarity of the model-based anomalous molecule ( Figure 7A ). Cluster I includes glycan 277, 305, and 459; of these, glycan 277 also contacts glycan 294 difference map is probably limited by phase differences between the slightly nonisomorphous SeMet and native from a symmetry-related molecule, while glycan 459 participates in a crystal contact with polypeptide surlattices (see Table 1 ) and by modest accuracy of the SeMet diffraction data.
face. Cluster II contains glycans 243 and 246; the latter also contacts its counterpart from a symmetry-related
Comparison with Initial Experimental Map
Having built the inner domain, we looked back to commolecule. Cluster III contains glycans 376, 475, and 478. Glycans 376 and 478 emerge from a concavity in pare it with a map calculated using phases derived directly from isomorphous and anomalous differences the gp120 surface of the protein and make several con- . In the case of the SIV gp120 core, the initial from mammalian cells, perhaps contributing to its ease of crystallization. Deglycosylation was essential for obphases were not very accurate because of the poor phasing power of the heavy atom derivatives and the taining crystals of HIV gp120 core protein suitable for structural studies (Kwong et al., 1999) . We were therelarge differences between the CD4 bound HIV gp120 core and the unliganded SIV gp120 core. Indeed, we fore surprised to find that the fully glycosylated SIV gp120 core protein crystallized with 13 N-linked oligoinitially failed to appreciate the structural differences because of the unexpectedly large number of ordered saccharides, when strategies such as deglycosylation or decoration with Fabs had failed. One striking feature glycans in our crystals. Moreover, the lack of NCS and the modest solvent content (60%) reduced the power of the structure is the extent to which the oligosaccharides form clusters on the protein surface. It is likely of phase improvement by density modification. Nonetheless, positions of Se atoms in SeMet substituted that there are extended hydrogen bonding networks within these clusters, perhaps imposing some conprotein, locations of ordered glycans, use of the CD4 bound HIV gp120 core model as a guide, and multicrysstraints on the conformation of distal residues in a given glycan. High-resolution data, absent in the curtal averaging together enabled us to improve the phases and extend the model gradually. rent work, would be required to identify such interactions. We note that glycans 70, 211, and 370, which lie Refinement was difficult because of a low data-toparameter ratio. The structure of the AP-1 clathrin outside any of the clusters, have only one or two ordered sugars, consistent with the notion that hydrogen adaptor complex, which was built from a far better for derivatives that showed promising statistics after mini data set scaling. Data were also collected for K 2 IrCl 6 soaked crystals in an Experimental Procedures inverse beam mode at beamline F1 to maximize anomalous signal (Ibc1 in Table1), or with larger beam stop-to-crystal distance to Protein Production and Crystallization include low-resolution reflections (Sbc10L in Table 1 ). A singlepSIVgp120core (for definition, see Figure 1 ) was constructed by wavelength (peak) data set from SeMet crystals, collected at APS standard PCR techniques. We deleted residues from the N-and C 19ID, extended to about 5 Å; data collected at other wavelengths termini of SIV gp120, as in Kwong et al. (1999) , and we substituted (inflection and remote) were not useful because of deterioration short linkers for the V1-V2 and V3 loops. Two additional residues from radiation damage. Denzo and Scalepack or HKL2000 were (His-Met) were introduced by the restriction site (Nde I) at the N used for data processing (Otwinowski and Minor, 1997). Molecular terminus. Both restriction digestion and DNA sequencing verified replacement was performed using the program AMORE (Navaza the expression construct. The proteins were expressed using the and Saludjian, 1997) Bac-to-Bac system (Invitrogen) following a procedure described Subsequent phase improvement by iterative cycles of phase previously (Chen et al., 2000) . Briefly, recombinant baculovirus was combination (partial model phases and experimental phases), dengenerated according to the manufacturer's protocol and amplified sity modification, and data sharpening were performed using the in Sf9 insect cells in Hink's TNM-FH medium (JRH Biosciences).
CCP4 programs SIGMAA, DM, and CAD (Collaborative ComputaThe optimal amount of virus and postinfection harvest time were tional Project, 1994). Initially, data were sharpened by applying a determined by small-scale tests in 100 ml spinner flasks. For large-B-factor of -200 to the amplitudes in order to show side chain denscale protein production, 12 liter of T. ni (Hi-5) cells (2 × 10 6 cells/ sity. With improvement of the model phases, the sharpening ml) in Ex-cell 405 medium (JRH Biosciences) were infected at an B-factor could be reduced to -100. Transformation matrices relat-MOI of 2.5. The supernatant was harvested 72 hr postinfection by ing model positions in three different crystal lattices-native centrifugation and concentrated to 1 liter in a tangential flow filtra-(Bc44n), IrCl 3 -soaked (Hbc7), and CdI-soaked (Hbc2/3) crystalstion system, ProFlux M 12 (Millipore). The concentrated supernawere determined from both rigid-body refinement using CNS and tant was clarified by centrifugation. molecular replacement using AMORE. Multicrystal averaging was Expressed SIV gp120 core protein was purified by immunoaffinity then performed using a C-shell script to run the CCP4 programs chromatography with mAb 17A11 ( 
